Functional magnetic resonance imaging was used to study patients with chronic neuropathic pain involving the maxillary region (V2) of the trigeminal nerve in patients with spontaneous pain and evoked pain to brush (allodynia). Patients underwent two functional scans (2-3 months apart) with mechanical and thermal stimuli applied to the affected region of V2 and to the mirror site in the unaffected contralateral V2 region, as well as bilaterally to the mandibular (V3) division. Patients were stimulated with brush, noxious cold, and noxious heat. Significant changes were observed in regions within and outside the primary trigeminal sensory pathway. Stimulation to the affected (neuropathic) side resulted in predominantly frontal region and basal ganglia activation compared with the control side. The differences were consistent with the allodynia to brush and cold. A region of interest-based analysis of the trigeminal sensory pathway revealed patterns of activation that differentiated between the affected and unaffected sides and that were particular to each stimulus. Activation in the spinal trigeminal nucleus was constant in location for all pain stimuli. Activation in other brainstem nuclei also showed differences in the blood oxygenation level-dependent signal for the affected versus the unaffected side. Thus, sensory processing in patients with trigeminal neuropathic pain is associated with distinct activation patterns consistent with sensitization within and outside of the primary sensory pathway.
Introduction
Although the incidence of chronic facial neuropathic pain in the United States is not known, it is estimated to affect at least 5-10 individuals of 100,000 (Lipton et al., 1993; Marbach, 1999; Kitt et al., 2000) . One study found that almost 22% of the adult (Ն18 years old) population in the United States reported experiencing orofacial pain (face/cheek pain or burning mouth pain) more than once in the previous 6 months (Lipton et al., 1993) . After a third molar tooth extraction (estimated to be Ͼ10 million/year in the United States, according to the American Dental Association), there is a 0.5-3% rate of phantom tooth pain (Marbach, 1993) . Studies indicate that the incidence of persistent pain after endodontic treatment is ϳ5% (Vickers and Cousins, 2000) . Other studies indicate that this surgery may produce acute (3.57%) or persistent (0.91%) dysesthesias, or outright injury of the lingual nerve (2.1%) (Gulicher and Gerlach, 2000) . A high incidence of paresthesias (Ͼ70%) after damage to branches of the trigeminal nerve (inferior alveolar, mental or lingual) has also been reported, and 20% of these patients reported suffering pain in the affected area (Sandstedt and Sorensen, 1995) .
Facial pain encompasses a number of disorders, including those affecting the trigeminal nerve directly (trigeminal neuralgia, invasion by cancer, acute herpes zoster, postherpetic neuralgia, multiple sclerosis, cosmetic surgery); disorders affecting the sinuses (sinusitis), teeth, and gums; temporomandibular; vascular and headache disorders; and idiopathic pain. These conditions may be considered in three categories: (1) acute pain after injury; (2) chronic inflammatory pain (e.g., sinusitis); and (3) neuropathic pain (e.g., trigeminal neuralgia) (Eide and Rabben, 1998) . Neuropathic facial pain has similarities to other neuropathic diseases and can be further classified into cases with a known cause (e.g., surgery or disease) and those with an unknown cause (e.g., classic trigeminal neuralgia, also known as tic doloureux). Trigeminal neuralgia, although technically a neuropathy, is characterized by little or no pain at rest, with intermittent paroxysms of shooting pain (Cheshire, 2005) .
A few studies have reported changes in CNS processing in patients with neuropathic pain. Among the first were positron emission tomography (PET) studies in patients with postherpetic neuralgia (Iadarola et al., 1995) . Subsequent PET studies looked at processing during brush-induced allodynia after nerve injury (Witting et al., 2006) and heat allodynia in a patient with neuropathic pain (Casey et al., 2003) . Functional magnetic resonance imaging (fMRI) reports include investigations of complex regional pain syndrome (Maihofner and Handwerker, 2005) , central pain from syringomyelia (Ducreux et al., 2006) , mechanical allodynia in patients with neuropathic pain of central and peripheral origin (Peyron et al., 2004; Hofbauer et al., 2006) , and phantom pain (Borsook et al., 1998) .
Understanding changes in the CNS processing in human neuropathic pain should contribute to a better understanding of the neurobiology of the disease process, improve evaluation of surrogate models of neuropathic pain (Klein et al., 2005) , and potentially offer methods for objective evaluation of pharmacological and other interventions. Imaging the trigeminal system allows for evaluation of activation in the trigeminal pathway, including the peripheral nerve input to the dorsal horn (spinal nucleus), projections from the spinal nucleus to the thalamus, and thalamocortical projections (DaSilva et al., 2002; . This methodology may be applied to patients with clinical conditions such as migraine, trigeminal neuralgia, or trigeminal neuropathy (Borsook et al., 2004) .
In this study, we recruited patients with right-sided trigeminal neuropathy affecting the maxillary or V2 division of the trigeminal nerve. We evaluated the fMRI blood oxygenation leveldependent (BOLD) response in the trigeminal system and higher brain regions to mechanical (brush) and thermal (cold and warm/hot) stimulation to the affected and unaffected areas of the face. Our hypothesis was that painful trigeminal neuropathy is associated with sensitization in the trigeminal sensory pathway that would be observed as distinct alterations in the activation pattern in the trigeminal sensory and other CNS pathways.
Materials and Methods

Patient recruitment and consent
Subject recruitment and experimental protocols were approved by the Institutional Review Board at McLean Hospital. All subjects were recruited through advertisements placed in the local newspaper or at physicians' offices. In the latter case, subjects completed a form that provided permission to contact them. After a phone interview, subjects attended a screening session where they were explained the nature of the study, the subject's time commitment, and the types of painful stimuli that were going to be used. A full medical examination, medical history, and compliance with inclusion/exclusion criteria were performed before enrollment into the study. Subjects on pain medications were asked to discontinue use of their medication before their scheduled scanning sessions. Specifically, medications were discontinued for one dosing interval [i.e., the number of hours they were off depended on the longevity of their particular drug and dosage, e.g., 12 h for long-acting morphine sulfate (MS Contin), 6 h for oxycodone plus acetominophen (Percocet) or gabapentin (Neurontin)]. The subjects were asked to abstain from consuming any caffeinated beverages or foods containing caffeine 12 h before their scheduled scanning session(s) and to refrain from eating up to 6 h before their scanning session(s). Informed consent was explained and obtained by the study staff.
Facial pain mapping and testing
Each subject completed a figure showing the frontal and lateral aspects of a face to map spontaneous and evoked pain (see Fig. 1 ). To determine individual sensitivity to thermal stimuli, each subject participated in quantitative sensory testing (QST) before scanning. During the QST testing period, thermal pain thresholds were measured on the affected and the corresponding mirror V2 region on the unaffected side of the face. The pain thresholds to cold and heat for the affected side were used to determine the temperature of the stimuli the subject would receive in the scanner (see below, Imaging paradigm). Brush stimulation was also applied to the affected side of the face to measure pain response (brush allodynia).
Experimental paradigm
The experimental paradigm (see supplemental Fig. 1 , available at www. jneurosci.org as supplemental material) comprised two MRI scanning visits, with the second visit occurring 2-3 months after the first. There were two scan sets during each visit: the first set consisted of a series of anatomical scans, followed by functional scans. Four areas of the face were selected for sensory stimulation: the maxillary division of the trigeminal nerve of the pain-affected facial location (V2A), the mirror location on the unaffected contralateral side (V2U), and the mandibular division on both the affected (V3A) and unaffected (V3U) sides of the face. Sensory stimulation included brush, cold, and heat. One functional scan was acquired for each sensory stimulation applied to each selected area [i.e., a total of 12 functional scans (4 areas ϫ 3 types of stimuli) were acquired during the second set]. After completion of the functional scanning, subjects were given the option of receiving a dose of their own prescribed pain medications to relieve some of the potential discomfort arising from sensory stimulation or received an intramuscular 10 -30 mg dose of ketorolac (Toradol) or a lidocaine patch (Lidoderm), if the study physician determined it necessary. None of the subjects requested rescue medicines for any of the scanning sessions.
Imaging paradigm
Before stimuli administration, the affected region of the face (V2A), determined at prescreening, was marked with a water-soluble pen. This region was mirrored on the opposite unaffected side of the face. The V3 regions, nonoverlapping with the affected areas, were also marked on both sides (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). All regions on the affected and the unaffected side were tested with the stimuli before entering the scanner. A specially designed module that allowed for placement of thermal probes and the ability to apply brush stimuli to the specific regions was used. While in the scanner, subjects rated continuously the intensity of stimulus-evoked pain using a visual analog scale (VAS; 0 ϭ no pain, 10 ϭ maximum pain) as described previously (Borras et al., 2004) .
Mechanical stimulation. Brush stimuli, applied by a Velcro-topped (soft side) stick, were administered at 1-2 Hz (one to two strokes per second) within the marked regions. Stimuli were given three times, each for a period of 25 s separated by 30 s of no stimulus.
Thermal stimulation. A Federal Drug Administration-approved Ther- mal Sensory Analyzer (MEDOC, Haifa, Israel) was used to deliver heat/ cold stimuli through a probe that has been adapted to rest on the face. The probe is 1.6 ϫ 1.6 cm, or about one-half the size of the thumb. For heat, stimuli were given at ϩ1°C above their pain threshold value (see above, Facial pain mapping and testing) on the affected area of the face. For cold, stimuli were given at Ϫ1°C below their threshold value (see above, Facial pain mapping and testing). Stimuli were given three times, each for a period of 25 s separated by 30 s of no stimulus.
Imaging parameters
fMRI was performed in a 3.0 T Siemens (Erlangen, Germany) Trio scanner with a phased array coil. For anatomical localization, a magnetization-prepared rapid gradient echo sequence was used (1 ϫ 1 ϫ 1.6 mm resolution) (Ruggieri and Najm, 2001) . Functional scans were acquired using a gradient echo echo-planar imaging sequence (Ruggieri and Najm, 2001 ) with an isotropic resolution of 3.5 mm; 41 slices (nogaps) were prescribed along the brainstem axis, repetition time/echo time of 2.5 s/30ms were used, and 128 volumes were acquired per functional scan (see supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Data analysis
The image analysis package fsl 3.2 (FMRIB, University of Oxford, UK; www.fmrib.ox.ac.uk/fsl) was used for most data processing. Headmotion correction, data smoothing (5 mm Gaussian kernel), and prewhitening was done using fsl tools. For comparison of affected versus unaffected sides, the unaffected images were flipped left-right to match images from the affected side. The general linear model was used (fsl) for statistical analysis; we combined all subjects and both visits to report aggregate results using a fixed-effects model. A fixed-effects model was used because of the small cohort (Friston et al., 1999; Worsley, 2001) Statistical maps were inspected for each individual to rule out results biased by a small number of highly active subjects. Thresholds were determined from a partition of the statistical map distribution using a generalized mixture model approach (Pendse et al., 2006 ) that deconstructs the overall statistical map into several optimized Gaussian distri- Figure 1 . A, Facial maps. Subjects were asked to draw on divided frontal and lateral views of the face the areas in which they experience spontaneous (red) and evoked (yellow/green) pain. This information was used to define the area for stimulation in the scanner. B, VAS on-line ratings. On-line VAS ratings for one subject in response to brush, cold, and heat applied to the affected and unaffected V2 areas are shown. The response to thermal stimuli in the affected area seemed to last longer and produced lingering pain not observed in the ratings of the unaffected area. C, Group results. VAS group results obtained from the on-line ratings for all subjects for V2A versus V2U (left) and all visits to brush, cold, and heat are shown. Brush and cold achieved statistically significant differences between sides (t test, *p Ͻ 0.05), but heat did not. V3 affected versus unaffected (right) stimulation produced ratings that were not significantly different to V2 unaffected. Error bars indicate SEM.
butions. Each voxel is associated with a vector of probabilities of association with each of the modeled Gaussian distributions. The map for the distribution associated with activation (or deactivation) was thresholded at a probability of p Ͼ 0.5 (meaning that the chances of a voxel belonging to that cluster was Ͼ0.5); the corresponding z-value in the original z distribution was obtained from matching the center of the activation distribution and used as threshold for determining activated voxels. Tables 2-4 depict activation with coordinates of the most active voxel in Montreal Neurological Institute (MNI) space.
Region of interest-based analysis. In addition, region of interest (ROI) analysis was performed on each subject for the sensory pathway including the trigeminal ganglion (TG), spinal trigeminal nucleus (spV), thalamus (Th), and somatosensory cortex (SI). All individual structural and functional statistical sets were transformed into the MNI template. ROIs were drawn individually on each subject's anatomical scan and registered to their functional scans. Registration was inspected to assure proper alignment, especially at the level of the medulla. The TG was localized using an approach we have used previously (Borsook et al., 2004) . The spV was identified as described by us previously (DaSilva et al., 2002) , and the thalamus and SI were found after standard brain landmarks. ROIs were used to mask average percentage signal change images. For this report only, two stimulus sites were considered for analysis, V2A and V2U. Percentage signal changes for ROIs were then averaged across the ROI, and its SEM was calculated. t tests were used to determine significant differences.
Brainstem activation. Activation in the brainstem comparing brush, cold, and heat was determined for each stimulus by inspection of thresholded statistical maps and visual localization with the atlas (Duvernoy et al., 1995) . The resulting activations were displayed on three orthogonal planes (coronal, sagittal, and axial); for clarity, cerebrum activation (shown in other figures) was masked out.
Results
Patients and psychophysical results
Patients
We screened 31 potential subjects (by phone and physical examination), of which 6 subjects with right-sided V2 (maxillary) neuropathy were recruited to the study. All patients had evoked pain to brush stimuli of Ͼ4/10 and spontaneous pain of Ͼ4/10. Each subject was scanned in two separate sessions. Subject demographics are listed in Table 1 . Note that most of the subjects were women, and all premenopausal women were scanned during the midfollicular phase (days 5-7) of their menstrual cycle (Table 1) . Each subject underwent a physical examination before the study. An example of data collected on each subject is provided in the supplemental material (supplemental Clinical Case History and Evaluation, available at www.jneurosci.org). Figure  1 A shows self-drawn maps of each patient's pain in frontal and lateral views. Note that although all subjects had involvement of the V2 region, some also had pain in other regions of the trigeminal system ipsilateral to the affected V2. Only the V2 area with allodynia was stimulated.
Psychophysical measures
Spontaneous and evoked pain ratings at screening. Pain was rated on a VAS. The group average spontaneous pain rating was 7.7 Ϯ 0.6 (mean Ϯ SEM), and the reported previous history of pain evoked by stimuli (e.g., touching the area, clothing, etc.) was 7.2 Ϯ 0.42. During screening on the initial visit, the average pain to a brush stimulus (mechanical allodynia) to the affected V2 was 4.8 Ϯ 0.62.
Threshold temperature testing. At the beginning of each visit, thresholds for cold and heat pain were determined on the affected V2 side (V2A) and the mirror site on the unaffected V2 side (V2U). For cold pain threshold, the group (mean Ϯ SEM) temperature on the affected side was 28.5 Ϯ 0.8°C (scan 1) and 27.8 Ϯ 2.7°C (scan 2); on the unaffected side, the values were 18.2 Ϯ 2.7°C (scan 1) and 18.0 Ϯ 3.2°C (scan 2). Similarly, for heat pain, the thresholds on the affected side were 37.7 Ϯ 0.6°C (scan 1) and 39.2 Ϯ 0.5°C (scan 2), and 43.7 Ϯ 1.2°C (scan 1) and 44.0 Ϯ 1.0°C Figure 2 . Group analysis for the trigeminal pathway. Specific activations along the trigeminal pathway (SI, thalamus, spV, and TG) are presented for the three stimuli. SI displayed similar activation across the three stimuli; the thalamus seemed to have a more medial activation with brush compared with heat and cold. Aggregate image analysis of the TG and trigeminal nuclei did not meet statistical threshold. Subthreshold activation was seen for spV in brush, but only spV for heat and cold. The TG activated similarly for the three stimuli. Quantified analysis through an ROI-based analysis is shown in Figure 3 . Th, Thalamus.
(scan 2) on the unaffected side. Temperature differences were significant between affected and unaffected sides for cold and heat. Furthermore, no significant differences in cold or heat thresholds were found for either V2A or V2U between visits 1 and 2.
VAS pain ratings. An example of on-line VASs recorded during the experiments for one subject (188) is presented in Figure  1 B. Brush allodynia in the affected V2 was clearly reported by the subject, whereas no pain was reported during brush stimulation of the contralateral side. Similarly, for this subject, increased sensitivity was observed for cold and heat on the affected side but not on the unaffected side. Note that after the heat stimulus to the affected area, the VAS score indicated that some pain persisted after each stimulus; this was more pronounced in some subjects. In contrast, stimulation of the unaffected area elicited responses that coincided with the duration of the stimulus.
In Figure 1C , the average maximum response (i.e., maximum VAS for at least 5 s during the stimulation for each stimulus was obtained) for the three stimuli for all patients and visits is presented. Brush and cold produced significantly different VAS scores on the affected (V2A) and unaffected (V2U) sides, but there was no significant difference between the two sides in the response to heat. There was no significant difference in reported pain when brush versus cold and cold versus heat on the affected side were compared, but reported pain on the affected side was significantly higher after the heat stimulus compared with the brush stimulus (Fig. 1C ). There were no significant differences between the two sides in the VAS scores reported after brush, cold, or heat applied to the V3 region. These results indicate our ability to perform brush, cold, and heat stimulation of the face in the scanner to examine the allodynic response with imaging.
Imaging results
The imaging results are presented below in five sections: Activation in the trigeminal pathway (group results and ROI-based results), Activation outside the trigeminal pathway (brainstem and other higher brain regions), Modality (stimulus)-specific activation, Differences (contrast) in activation, and Reproducibility of results between visits.
Activation in the trigeminal pathway
Activation in the trigeminal sensory pathway (TG3spV3 thalamus3 SI) after mechanical and thermal stimuli was evaluated using two approaches: inspection of the group results and an ROI-based approach (see Materials and Methods for details). Figure 2 shows averaged statistical maps of activation along the trigeminal pathway after stimulation on the V2A. Note that activation was present in the TG, spV, thalamus, and SI as noted by the squares and circles in the figure. All stimuli produced painful responses, and the activation patterns were similar at all levels of the trigeminal pathway regardless of stimulus, although brush appeared to produce greater activation in all areas. This parallels the VAS scores for brush-induced allodynia. Significant activation in the TG and spV was induced after V2A stimulation ( p Ͻ 0.05, uncorrected) (Fig. 2) , similar to that previously reported after V2 stimulation in healthy subjects (DaSilva et al., 2002; Borsook et al., 2003) . Similar regions along the trigeminal pathway showed activation after V2U stimulation (data not shown). Quantitative differences revealed by ROI analysis are discussed in the next section.
Group results
After stimulation to the V2 area, only ipsilateral activation was observed in either the TG or spV as reported previously . Contralateral TG or spV did not activate, suggesting that artifacts from blood vessels or autonomic changes did not contribute to the observed activations. Bilateral activation was seen in the thalamus to both V2A and V2U for brush and cold but only to V2A for heat. Contrast analysis (V2A vs V2U) revealed greater thalamic activation on the contralateral side (Tables 2, 3) . SI activation was observed in V2A for all of the stimuli, but significantly only for brush applied to V2U. In the V2A versus V2U analysis, only SI activation to brush appeared significantly different. 
ROI-based results
To quantify differences, an ROI approach was implemented as described in Materials and Methods. Figure 3A shows the ROIs used in the analysis. Figure 3B displays the results for each ROI expressed as percentage signal change (ϮSEM) for affected (gray bars) and unaffected (light purple bars) areas. Greater activation (or a trend toward greater activation) after stimulation of the affected side was seen for most stimuli in all areas except the spV. In the spV, significant differences between affected and unaffected sides were only observed after the thermal stimuli, which induced less activation after stimulation of the affected side than the unaffected side. In the TG, significant changes were only observed for brush, although the pattern of activation was similar for cold and heat (V2A Ͼ V2U). Brush stimulation to the affected V2 produced greater activation in the TG than brush to the unaffected side as observed previously (decreased activation) . Figure 4 A-C shows contrast maps for activation for each stimulus [brush ( A), cold ( B), and heat ( C)] for V2A versus V2U. Red indicates that activation was greater after stimulation to V2A than V2U, and blue indicates that activation after stimulation to V2A was less than V2U. Activations in the brainstem were focal. Significant differences between V2A versus V2U in brainstem nuclei were observed for each stimulus. After brush (Fig. 4 A) , increased activation was observed in the ventral tegmentum/substantia nigra (VT/SN) and the periaqueductal gray (PAG), whereas decreased activation was observed in the pontine nuclei (PN), the parabrachial nuclei, and the rostroventral medulla. After cold (Fig. 4 B) , a larger number of areas were activated compared with brush. Increased activation was seen in the VT and PN (the latter was opposite to that observed for brush). Activation in the PAG was increased in the more rostral portion and decreased in a more caudal location. We have previously observed both increased and decreased activation in the PAG (Becerra et al., 2001 ) to a noxious heat stimulus. Decreases were observed in the dorsolateral pons and PN, but in a different location from the regions of increased activation. The V2A versus V2U comparison revealed that relatively few areas were differentially activated on the two sides by heat stimuli (Fig. 4C) , with changes only seen in the red nucleus (RN).
Activation outside the trigeminal sensory pathway Brainstem activation
Higher brain regions
Results are shown for activated regions and maximum activations and coordinates are presented for brush (supplemental Table  1A,B and Table 2 ), cold (supplemental Table 2A,B and Table 3) , and heat (supplemental Table 3 A, B and Table 4) for the  affected side (supplemental Tables 1A, 2A,  3A), unaffected side (supplemental Tables  1B, 2B , 3B), and differences (Tables 2-4) after identical stimulation of affected and unaffected sides with each of the three stimuli (supplemental material is available at www.jneurosci.org). Supplemental Tables 1 A, B, 2A, B, and 3 A, B show areas of the brain with significant changes in activation after brush, cold, and heat stimuli, respectively, applied to the V2A and V2U sides of the face. Figure 5 is a summary of the results.
Modality-specific differences in activation Activation in affected and unaffected regions
After stimulation of the affected side, regional activation could be segregated into seven groups of activation (Fig. 5, top) : activations that were only present for each specific stimulus [brush (B), cold (C), and heat (H)], for brush and heat (BപH), for brush and cold (BപC), for cold and heat (CപH), and for areas that were common to all three stimuli (BപCപH). In the same figure, examples of activations for specific regions [e.g., nucleus accumbens (NAc), anterior cingulate cortex (ACC), and thalamus (Th)] within each cluster are shown. Note that with V2A stimulation, there were more unique activations after brush than after the thermal stimuli (eight regions, compared with three unique regions for cold and two unique regions for heat). Overlap was most prominent for cold and heat stimulation [seven regions, compared with one region for cold and brush (BപC) and two regions for heat and brush (BപH)], and eight regions were activated after any of the three stimuli (BപHപC) (Fig. 6A, bottom left) . Additional segregation was seen for increased activation shown in red and decreased activation shown in blue. These results indicate differences in CNS sensory processing based on the modality of the stimulus (i.e., dynamic mechanical vs thermal).
A similar summary of the data were produced for the unaffected side for the three stimuli. Brush to V2U uniquely activated nine brain regions, all different from those activated by V2A stimulation. Note that cold stimulation of the unaffected side produced only six regions of activation in the brain (Fig. 5 , bottom, and supplemental Table 2 B, available at www.jneurosci. org as supplemental material). Only two regions were activated by both cold and brush (BപC). Heat stimulus to the unaffected side induced activation uniquely in 15 regions (the same stimulus on the neuropathic side induced activation in just 2 regions). Also note that some regions were consistently activated (e.g., decreased activation in the NAc to heat occurred with stimulation to either side). When stimuli were applied to the unaffected side, there were no regions that were activated commonly by each of the three stimuli (BപHപC). It is unclear whether these changes reflect the baseline state (i.e., healthy) or activation on a sensitized brain because of the ongoing chronic pain from the peripheral trigeminal injury. Tables 2-4 show differences in activation in brain regions after brush, cold, and heat stimuli, respectively, applied to the V2 affected (neuropathic) versus the V2 unaffected (control) sides of the face. This is summarized in Figure 6 . Examples of activation differences are shown in Figure 6 A, and the Venn diagram (Fig.  6 B) summarizes regional activation according to each specific sensory stimulus. As seen in the diagram, brush activated eight regions uniquely, two regions common with heat (BപH), three regions with cold (BപC), and one region with both heat and cold (BപHപC); cold activated four regions uniquely and one with heat; heat activated seven regions uniquely. Brush and cold showed significant differences in VAS scores at the time of scanning. The areas activated can be grouped into cortical regions including the frontal lobe [middle frontal gyrus (MFG), inferior frontal gyrus (IFG), and orbital gyrus (GOb)], ACC, insula, superior temporal gyrus, and hippocampus and subcortical regions including the basal ganglia [putamen, caudate nucleus, globus pallidus (GP)] and thalamus These regions/circuits differentiate the neuropathic state for cold and brush. The major differences were in the frontal lobe, where brush activated more inferior regions, whereas cold activated the orbitofrontal cortex. Both brush and cold activated the more rostral component of the cingulate cortex, the more affective region of the structure. In the basal ganglia, the caudate was activated by both brush and cold, whereas brush activated the putamen as well. The inferior temporal gyrus was uniquely activated by brush in the neuropathic state versus control. Although heat showed no difference in VAS for neuropathic versus control in the on-line measures, there were significant differences in pain thresholds. In terms of activation differences after heat for affected versus unaffected, a number of regions were differentially activated (Fig. 6 B) , mainly frontal (superior frontal gyrus, IFG, and MFG).
Differences in activation in affected versus unaffected V2
Test-retest psychophysical and imaging results
Reproducibility of psychophysical and imaging results between imaging visit 1 and 2 are shown in Figure 7A , in which VAS reports to brush, cold, and heat are compared between visits 1 and 2. No statistical differences were found between the two visits Figure 4 . Brainstem activation. Brainstem activation differences of V2A versus V2U for the three stimuli are shown. Images are presented in three planes with a zoom-in image for axial slices. A, Activation differences to brush stimulation. B, Activation differences to cold stimulation, C, Activation differences to heat stimulation. Red-yellow, V2A Ͼ V2U; blue, V2A Ͻ V2U; PBN, parabrachial nucleus; RVM, rostral ventral medulla; DLP, dorsolateral pons. for any area of the face stimulated by any of the three types of stimuli used. Similarly, imaging data did not indicate significant differences between visits 1 and 2 when comparing the response to thermal and mechanical stimuli in the V2 affected area (Fig.  7B) . The only areas exhibiting statistically significant differences in activation between visits were located mostly in white matter or ventricles and hence have no functional significance. Although patients reported some differences in their spontaneous pain (background pain), VAS scores for evoked pain did not vary significantly from one visit to the next one (see above, Psychophysical measures).
Discussion
The results indicate that fMRI can detect significant changes in activation along the trigeminal sensory pathway, in the brainstem, and in higher brain regions in the neuropathic pain state. The patient cohort included individuals with a very similar focal neuropathic pain problem, albeit of different etiologies, that was regionally localized and with at least two common underlying mechanistic pain pathologies: ongoing (spontaneous) chronic pain with minimal intensity and mechanical allodynia to brush (evoked pain) (Woolf et al., 2003) . The responses to brush, cold, and heat were analyzed at two levels: changes in the trigeminothalamic-cortical pathway and changes in extra trigeminal sensory pathways including brainstem and higher centers (cortical, subcortical).
Activation in the primary trigeminal sensory pathway TG
The three stimuli we used are known to activate distinct sets of sensory fibers: brush activates A␤ fibers, cold allodynia activates A␦ fibers, and noxious heat activates both C and A␦ fibers. Thus, despite the fact that all three stimuli can elicit subjective pain from the same stimulus site, they may well show distinct patterns of activation. Brush to the V2A region induced a significant increase in signal in the TG and a decreased signal in the V2U as observed previously in healthy volunteers . Changes in V2A may be a result of abnormal input from A␤ fibers or cutaneous mechano-nociceptors as a consequence of nerve damage affecting V2 input (Koltzenburg and Handwerker, 1994) . Both thermal stimuli also showed a trend toward greater activation in the TG after stimulation to the V2A field than to the mirror V2U field, but it did not reach significance in this sample size. These changes may also reflect alterations in fiber function after nerve damage, because afferent input for both cold and heat produced consistent central changes in other areas (see below).
Trigeminal Nucleus (spV)
We observed no significant changes in signal in the spV after brush to the affected or unaffected side, but noxious cold and heat produced significant changes with greater activation in spV after stimulation of V2U than of V2A. Brush clearly produced significant changes in the thalamus and cortex, and the lack of changes observed in spV may indicate that input to the thalamus and cortex occurs through alternate pathways including the main sensory nucleus. The observed changes in activation induced in the ipsilateral medulla by noxious cold or heat occurs in the lo- cation of V2 representation in the brainstem, as reported previously for a similar stimulus site for noxious heat in healthy subjects (DaSilva et al., 2002) .
Thalamus and cortex (SI)
The observed increases in activation after brush stimulation to V2A versus V2U correlates well with the psychophysical responses indicating allodynia in V2A, the predominant presenting symptom in this group of patients. Cold and heat both produced activation in the thalamus and SI cortex that was significantly greater after stimulation of V2A (with the exception of activation in the SI after heat to V2A, which trended toward an increase over V2U, but not significantly). The increases are consistent with the psychophysical results indicating allodynia for cold but not for heat (as noted in Results, VAS scores after heat did not reveal significant heat allodynia) (Fig. 1C) . The lack of heat allodynia and of significant changes in the SI after heat may be attributable to loss of fibers or may be because the stimulus temperature was too low to elicit thermal allodynia. The trends observed suggest that a higher temperature may be required to produce significant differences in the response to heat stimulation to the two sides. Alternatively, "after sensations" [after discharges presumably from central sensitization (Eide and Rabben, 1998) ], only seen after heat to the V2A, may have resulted in a smaller difference in the BOLD response between baseline and activated state. Bilateral activation, more pronounced contralaterally, was observed in the thalamus (see Results). Bilateral activation after stimuli applied to one side of the body has been reported in a number of brain structures including the thalamus, to either experimental pain (Coghill et al., 1999; Witting et al., 2001; Bingel et al., 2002) or clinical pain (Albuquerque et al., 2006) conditions. Activation outside the primary trigeminal sensory pathway: brainstem Previous work reported changes in the brainstem after painful electrical stimuli in 4 Figure 6 . Summary of regions showing differences between neuropathic and control sides. A, Contrast maps for the three stimuli applied to the affected area (V2A vs V2U). Brush displayed significant differences in sensory/discriminative and emotional/cognitive areas, whereas cold and heat seem to have main differences in nonsensory pathways. See text. B, Venn diagram depicting commonalities of contrasts for the three stimuli. Caudate was found to commonly activate more in the affected versus the unaffected area. See the legend to Figure 5 for the list of abbreviations.
healthy subjects (Dunckley et al., 2005) . Here, a number of brainstem regions showed differences in activation to stimuli that may differentiate CNS processing of neuropathic pain from processing of normal pain. Four structures showed activation that was greater after stimulation to V2A than to V2U: the VT and PAG after brush, the PN after cold, and the RN after heat. The VT, previously reported in other imaging studies of noxious heat (Becerra et al., 2001) , contains dopamine neurons and projects to multiple brain regions including the hypothalamus, nucleus accumbens, amygdala, and prefrontal regions (Oades and Halliday, 1987) . Neuropathic pain may drive dopaminergic-related functions such as reward; thus, the observed sensitization may reflect ongoing dopaminergic drive that produces a diminished effect on normal reward function, similar to the tachyphylaxis seen with some dopaminergic drugs (Ozaki et al., 2002; Narita et al., 2004) . Both brush and cold activated the PAG, a structure known to be involved in descending modulation of pain (Willis and Westlund, 1997; Ren and Dubner, 2002) . The increased signal to brush allodynia and cold hyperalgesia may indicate a decreased threshold of activation in the structure, although no differences were seen between unaffected and affected sides when the heat stimulus was used. Again, the lack of differences in VAS reports by the subjects during the heat stimulus suggests simply that a higher temperature is necessary to see heat hyperalgesia in these patients. Activation in PN increased in response to cold only. Involvement in these areas has been observed in rat models of neuropathic pain (Mao et al., 1993) and in human imaging studies of healthy subjects (Dunckley et al., 2005) . Finally, we observed significant unilateral activation in the RN after heat stimulus to the V2A (Fig. 4) , similar to that reported after experimental visceral and somatic pain in healthy subjects (Bingel et al., 2002; Dunckley et al., 2005) and in paroxysmal hemicrania (Matharu et al., 2006) . A role for the RN in neuropathic pain is unknown, but it has been suggested to be involved in withdrawal behavior or execution of movements (Keifer and Houk, 1994) and the sensorimotor integration of nociceptive information involves via a spino-rubral circuit (Steffens et al., 2000) .
Activation outside the primary trigeminal sensory pathway: higher centers A number of salient differences were observed in the activity seen in CNS regions after stimulation of the V2A and V2U. The first is that in the neuropathic state, the main differences are changes in the frontal lobes, basal ganglia for brush and cold allodynia evoked through stimulation of V2A specifically. PET studies of heat allodynia in a model of capsaicin-induced pain sensitization in humans reported frontal lobe changes (Lorenz et al., 2002) , suggesting that the brain may recognize unique features of pain. Our findings indicate frontal lobe activation for allodynia, with some segregation depending on the modality of the stimulus (i.e., cold, heat, or brush). In a similar study, capsaicin-induced heat hyperalgesia induced activation in the frontal (MFG, IFG) cortices (Maihofner and Handwerker, 2005) . Although the latter group also evaluated punctate hyperalgesia, we are unaware of any study evaluating brush, cold, and heat in either a surrogate model of hyperalgesia/allodynia or in patients with neuropathic pain. One recent PET study of neuropathic pain reported differences in CNS activation to brush-induced allodynia compared with the contralateral normal skin (Witting et al., 2006) . They reported no changes in the thalamus or cingulate but did report changes in the GOb, which we observed after brush, cold, and heat stimulation (Fig. 5, Tables 2-4 ). The differences in the stud- ies may relate to differences in the experimental paradigm (e.g., PET vs fMRI) and the site of the stimulus.
A surprising finding was our observation of activation in the basal ganglia in the neuropathic versus the control group. As shown in Results, brush, cold, and heat produced decreased activation in the caudate nucleus, brush increased activation in the putamen, and both brush and cold increased activation in the GP. No such activations have been reported in the capsaicin models (Maihofner and Handwerker, 2005) , nor in complex regional pain syndrome (Maihofner et al., 2006) . However, we and others have reported activation in the nucleus accumbens and/or putamen in response to noxious heat (Becerra et al., 2001; Aharon et al., 2006) and noxious cold (Tracey et al., 2000) in healthy subjects. The role of the basal ganglia in pain processing has been reviewed (Barker, 1988; Bernard et al., 1992; Chudler and Dong, 1995) but is not well understood. One fMRI study has indicated somatotopic mapping in the putamen using laser-evoked pain stimuli (Bingel et al., 2004) , which suggests that such systems may be involved in motor responses to pain information. Our data suggest that activation across subdivisions of these structures may further differentiate the neuropathic pain condition from controls. Based on their afferent and efferent connections, particularly with thalamic and cortical regions, the basal ganglia are thought to be involved in sensorimotor, associative, and limbic functions (Rolls, 1994; Nakano et al., 2000; Herrero et al., 2002; Afifi, 2003; McHaffie et al., 2005) . Thus, this system may play a role in the regulation of responses to cortical information, reinforcement of behavior, and attention (Flaherty and Graybiel, 1994; Herrero et al., 2002) .
Caveats
There are a number of caveats to consider including sensory differences in etiology of pain, ongoing spontaneous pain, and medication issues. These are discussed in detail in the supplemental material (Supplemental caveats, available at www.jneurosci.org).
Conclusions
Our results indicate that both trigeminal sensory and emotional circuits are altered in the neuropathic state. In addition to changes observed along the trigeminal pathway, other regions including frontal areas, insula, parahippocampal regions, and the anterior cingulate (affective component) are differentially activated after stimulation to the neuropathic (V2A) versus control (V2U) sides of the face. These changes appear stable because they can be reproduced within each subject on repeated assessments. The results suggest that it may be possible to define an fMRI "fingerprint" that could be used as an objective diagnostic for neuropathic pain.
